Plant communities of soils naturally enriched in copper and cobalt in Katanga (D. R. Congo) are critically threatened in the short term due to mining activities. For biodiversity conservation and ecosystem restoration purposes, there is an urgent need to acquire more knowledge on those plant communities including their diversity and their relationships to environmental factors. The classification of 62 vegetation plots located in 6 metal-rich rocky hills in the Tenke Fungurume mining area resulted in 3 well-defined steppic and steppic savanna communities. Canonical analysis showed that the community comprising the largest proportion of strictly endemic metallophytes (i.e. species that only occur on metal-rich soils) developed in the soils with the most elevated concentrations of Cu and Co. However, contrasting species assemblages in the two other plant communities were explained by soil nutrients and percentage rocks in addition to heavy metal concentrations. The results of this study will assist with restoration efforts because they (1) provide a rigorous assessment of communities before a disturbance and (2) define essential edaphic conditions needed for the reestablishment of critical communities.
Introduction
Metalliferous sites present very harsh conditions for the establishment of plants (Antonovics et al. 1971) due to the effect of elevated concentrations of heavy metals and other environmental constraints including xericity and depauperate nutrient status. Moreover, metalliferous sites are generally limited in size and geographically isolated from each other within a landscape matrix with "normal" metal concentrations. At the ecosystem level, they host highly distinctive plant communities resulting from deterministic species selection by environmental filters and random processes including dispersal limitation in insular habitats (Ernst 1975; Brooks et al. 1992; Bizoux et al. 2004; Whiting et al. 2002 Whiting et al. , 2004 . Metalliferous rock outcrops also combine the founder effects and genetic drift associated to population isolation with the severe selection pressure resulting from metal toxicity. As a result, they offer outstanding examples of microevolution and speciation processes and very often host rare, ecologically specialized taxa adapted to elevated concentrations of heavy metals (Wolf et al. 2000; Whiting et al. 2004; Brady et al. 2005; Chiarucci & Baker 2007; Jacobi et al. 2007) .
Copper outcrops are scarce on earth, they can be found in Arizona (United States), Peru, Chile, Australia, and in subtropical Africa. The South of the Democratic Republic of Congo (Province of Katanga) and adjoining regions in the North of Zambia comprise some of the largest ore bodies of cobalt (Co) and copper (Cu) in the world. In Katanga, ore containing outcrops occurs on more than 100 hills scattered over more than 400 km (W-E) and forming the so-called Katangan copper belt (Leteinturier 2002) . Copper concentration in the soil overtopping mineralized rocks often exceeds 10,000 mg/kg (vs. <100 mg/kg in normal soils) (Duvigneaud 1958 (Duvigneaud , 1959 Duvigneaud & Denaeyer-De Smet 1963; Malaisse et al. 1994; Faucon et al. 2007 ). Katangan copper hills (hereafter, we use the term "copper hill" for Cu and Co outcrops) harbor particular steppic savanna plant communities, which sharply contrast with the surrounding vegetation of open forest (miombo) (Duvigneaud & Denaeyer-De Smet 1963; Malaisse et al. 1994; Malaisse et al. 1999 ). The flora supported by copper hills in Katanga includes more than 550 species (Leteinturier & Malaisse 1999; Leteinturier 2002) . Around 60 of these species are local metallophytes, that is, species which, in Katanga, only exist on mineralized soils while existing on normal soils in other phytogeographic regions. To date, 32 species have been recognized as strict endemics, that is, absolute metallophytes, whereas 23 other taxa are broad endemics (>75% occurrence on Cu-rich soils) (Faucon et al. 2010 ).
Due to a recent revival of mining activities, most copper hills in Katanga have now been allotted to mining companies and will irreversibly be damaged in the coming years and decades. Mining activities have already totally or partially destroyed a number of sites (Leteinturier & Malaisse 1999; Malaisse et al. 1999; Leteinturier 2002) . Although some species may actually benefit from secondary habitats created by the mineral industry (Bizoux et al. 2008; Faucon et al. in press) , there is no doubt that copper plant communities of Katanga rank among the most critically endangered ecosystems in the world.
However, few mining companies operating in Katanga are changing their economic, environmental, and social practices to become more environmentally accountable. Conserving biodiversity is a key component of improved environmental performance. From a biodiversity conservation point of view, it would be necessary to preserve a large proportion of the Katangan copper and cobalt rock outcrops to encapsulate the diversity of plant communities. However, this may turn out to be an unrealistic goal if one considers the increased demands for Cu and Co by emerging economies. Besides their conservation in untouched nature reserves, the most direct mechanism for ensuring the survival of metallophytes in mining concessions is to promote their use in ecological restoration and site rehabilitation at mine closure (Whiting et al. 2004; Faucon et al. in press) . Tenke Fungurume Mining (TFM) is one of the most important mining companies operating in Katanga. In line with its environmental policy, TFM has developed a Biological Diversity Action Plan to conserve copper-cobalt (Cu-Co) flora and mitigate potential species extinction risk during the early construction phase of the TFM project (2007) (2008) . One of the most original tasks of the project consists in ecosystem reconstruction experiments that should host a significant proportion of the plant community diversity of each hill during the exploitation phase and provide the plant material for further post-exploitation rehabilitation. The project aims at the translocation of vegetation blocks with their soil mat on an adequate mineral substrate to ensure their development. Such a conservation strategy can only be reached with a deep understanding of the ecology of the local copper-cobalt plant communities (Whiting et al. 2004) . The understanding must include a rigorous assessment of the diversity of the plant communities present in the mining site before the exploitation and an analysis of their ecological requirements. To ensure restoration success, it is imperative for the end point to be identified (Clewell 2000; SER 2004; Suding et al. 2004) . Local reference sites may provide the necessary information (White & Walker 1997; Ruiz-Jaen & Aide 2005; Fagan et al. 2008) . It has been reported that each copper hill hosts a diversity of habitats and plant communities, in line with abiotic factors such as variation in metal concentrations in the soil, soil depth, slope, etc. (Duvigneaud 1958 (Duvigneaud , 1959 Duvigneaud & Denaeyer-De Smet 1963; Brooks et al. 1992; Malaisse et al. 1994 ). However, earlier studies were based on physiognomic approaches and did not provide an understanding of the fine scale variation of plant communities that is required for the task of ecosystem reconstruction.
In this study, we report the first comprehensive investigation of the diversity of plant communities on Katangan copper hills and of their relationships with edaphic factors. We focused the analysis on a set of hills that will be disturbed as a result of TFM mining operations. We will provide an assessment of the resident plant communities present in the mining site before exploitation and of their relationships with edaphic factors. We pay particular attention to chemical edaphic factors, including heavy metals concentrations that are expected to be the major determinants of metallophyte communities' diversity. We specifically addressed (1) the composition and diversity of plant communities present in copper hills in the TFM concession, (2) the correlation between these plant communities and edaphic factors (nutrient content and heavy metal), and (3) the conservation value of the different plant communities.
Methods

Site Description
The TFM mining concession is located in the province of Katanga, South DRC (lat 5-14
• S, long 24-30 
Vegetation Sampling
Our analysis focused on undisturbed steppic savannas typical of copper hills which are the most widespread plant communities in copper hills and the target communities for ecosystem reconstruction. We excluded the vegetation of siliceous cellular rocks and the shrubby savanna fringing most outcrops and dominated by Uapaca robynsii De Wild. We excluded these harbor plant communities because they do not directly depend on copper soils and will not be the target of a restoration program. Sixty-two permanent 1-m 2 plots were established in the steppic savanna of six copper hills (three hills with planned mine sites, three without; Table 1 ). The three hills (Kwatebala, Kavifwafwaulu, and Kabwelunono) expected to be mined in the short term were explored more completely, with an intensive sample design (12-15 samples per hill). We sampled the vegetation on three additional hills where mining activities were not planned (Apostolo, Gomal, and Shimbidi) to gain more knowledge about the variability of plant communities (Table 1) . On each hill we identified vegetation units on the basis of topographic variation (slope, exposure) and vegetation cover. Four or five permanent 1-m 2 plots were randomly located on each vegetation unit to represent the variation in that particular topographic location (stratified sampling; note: five plots were established per vegetation unit but some were lost due to road building, etc., during the planning of mining activities). One square meter plots were established to study the fine scale variation of a plant community with the scope of future ecosystem reconstruction and because heavy metal concentrations may be spatially heterogeneous at small scale.
All species present in the permanent 1-m 2 plots were recorded at two periods, representative of the regional climatic variation: April (end of wet season) and November (beginning of wet season). In order to characterize the vegetation structure, the height of the vegetation and the total percentage cover of the vegetation in each season were noted. Only the maximum value between the two seasons was considered in the analysis. Herbarium voucher samples were collected for species identification and are deposited in the herbarium of the National Botanic Garden of Belgium (BR). Determinations were realized using several floras (Flore d'Afrique centrale [Zaire, Rwanda, and Burundi] (Bamps 1973 (Bamps -1993 , Flora Zambeziaca (Board of trustees Kew Royal Botanic Gardens 1960 Gardens -2010 , and Flora of Tropical East Africa (Kew Royal Botanic Gardens 1952 ), and completed with more recently published taxonomic literature. Due to the lack of recent taxonomic revision, some plants could not be identified to the species level but were well individualized as separate morpho-species.
With regard to conservation value, species of concern were identified as strictly endemic metallophytes (only occurring on Cu soil) or broad endemic metallophytes (>75% occurrence on Cu soil), sensu Faucon et al. (2010) .
Soil Analyses. The volumetric percentage of rocks in the upper soil layer (10 cm) was estimated for each plot. In 36 of the 62 plots (in general three plots per vegetation unit), 10 cm depth composite soil samples were collected (three core samples were taken at the two corners and at the center of the plot). Soil samples were sieved to less than 2 mm and one fraction to less than 0.2 mm after air drying. Total organic content was measured following the Springer-Klee method (Springer & Klee 1954) : hot oxidation with K 2 Cr 2 O 7 and titration of oxidant excess with (NH 4 ) 2 ·Fe(SO 4 ) 2 ·6H 2 O. Total nitrogen was determined following the Kjeldahl method (Bremner & Mulvaney 1982) : oxidation of soil organic matter by H 2 SO 4 and Se reagent mixture (catalyst), conversion to Restoration Ecology ammonium, distillation, and titration with HCl. The pH was determined in water in a 2:5 soil-solution ratio and with 2 hour equilibration time. Available fractions of Ca, Cd, Co, Cu, K, Mg, Pb, and Zn were determined after extraction with 1N CH 3 COONH 4 -EDTA (Lakanen & Erviö 1971) . The soil/solution ratio was 1:5 and the pH of the extraction solution was buffered at 4.65. Extraction solutions were filtered through S&S-595-1/2 papers. For the determination of total content in Al, Cd, Co, Cu, Fe, Mn, Pb, and Zn, 500 mg of soil (<0.2 mm) were digested two times in concentrated HF (5 mL) and HClO 4 (1.75 mL). After desiccation, the residue was dissolved in 10 mL 10% (v/v) HCl and made-up to 50 mL with water. When needed, a pre-treatment stage of organic matter mineralization with concentrated HNO 3 was applied.
Concentrations of the available and total content were measured by flame atomic absorption (VARIAN 220). For all soil determinations, the levels of analytical uncertainty were determined by the assessment of the repeatability of the methods (based upon duplication of randomly selected samples in each measurement series). The analytical variability, expressed as coefficient of variation (CV), accounted either for less than 20% for the studied elements or was lower than 1 mg/kg. This level, which is higher than those found for uncontaminated soils, is explained by the fact that heavy metals may be concentrated in small mineral nuggets in the soil samples.
Available fractions of the elements are the concentrations that are theoretically available for plant uptake at the time scale of one growing season. The total content quantify the total reserve in the measured elements, whatever their form or distribution in the different soil components. As a general rule, total heavy metal element concentrations were determined for comparison with previous literature, whereas available concentrations were used in the analyses. In addition to heavy metals, Ca, Mg, and K were included in the analysis because they contribute to the characterization of the soil nutrient status. Only available concentrations were measured because these elements can influence the transfer of heavy metals from soil solution to plants through cationic competition mechanisms. The fractions of Ca, Mg, and K which are included in less available pools in the soil are of lower interest for our study. Total Al, Fe, and Mn were also measured because they represent important "bearing phases" of the heavy metals in soils: oxides and silicates. "Bearing phases" report to the solid soil compartments which contain heavy metals. The oxides of Mn, Fe, mostly, and Al, as well as some clay silicates, which are often significantly correlated to total Fe and Al contents, constitute important reactive surfaces regarding the mobility of heavy metals in the soils. This explains the fact that Mn, Fe, and Al were only measured after total dissolution. These elements reflect a mineralogical content that can influence the behavior of heavy metals in soils.
Data Analysis. For each plot, floristic lists from the April and November surveys were combined (presence-absence data).
To delimitate the different plant communities, a cluster analysis was run on the floristic species-plot matrix (unweighted pair group method with arithmetic mean, Jacquard similarity index, Legendre & Legendre 2003) , computed with MVSP 3.1 (Kovach Computing Services 2004) . The resulting hierarchical tree was analyzed to define the main plant communities (>80% dissimilarity). A detrended correspondence analysis (DCA) analysis was realized to confirm the relevance of the plant communities defined with the cluster analysis.
Diagnostic species of each plant community were identified using the INDVAL method of Dufrene and Legendre (1997) . This method calculates an indicator value (IV) for each species in each predefined group of plots (in this case, in each plant community). The statistical significance of the IV's obtained (whether the observed IV of a species in a plant community was higher than what could be expected based on a random distribution of individuals over all plots) was tested with a Monte Carlo randomization procedure (999 permutations) (Dufrene & Legendre 1997) .
The conservation value of communities was determined by the number of species of concern that they harbor, along with their World Conservation Union conservation status (Faucon et al. 2010) .
We tested if the 36 plots with edaphic data were representative of the floristic variability of the entire data set (62 plots). DCA analyses were performed separately for the 36 and 62 plots, respectively. Correlation between the scores of the 36 plots on axis 1 and 2 of the two DCA analyses were tested with Spearman's correlation coefficient.
To examine the relationships between floristic data and the different environmental variables, a canonical correspondence analysis (CCA) was run with canonical community ordination 4.5 and CanoDraw for Windows (ter Braak & Smilauer 2002) . Environmental variables were selected, using 999 Monte Carlo permutations, at a significance level of 0.05. Monte Carlo permutation tests were also performed to assess the significance of the eigenvalue of the first canonical axis and of all axes (ter Braak & Smilauer 2002). Edaphic variables not selected in the model might be strongly correlated to one or several variables previously included into the model (i.e. be nevertheless significant). We therefore also calculated the Spearman correlations between all edaphic variables ( Table 2) . In addition, we tested whether mean values of edaphic variables, as well as vegetation height and vegetation cover differed significantly between the plant communities (Kruskall-Wallis tests).
Finally, we performed a stepwise regression (forward) with the species richness of 1-m 2 plots as dependent variables and edaphic variable as independent variables. Because of the high number of independent variables and the resulting low power of the model, only independent variables exhibiting a significant (p < 0.05) Pearson's correlation with the plot's species number were used in the model.
Kruskal-Wallis analysis of variance were computed with Statistica 7 (Statsoft 2004) . Stepwise regression was computed with MINITAB ver. 15 (Minitab Inc. 2000) . (Table 3 ). , community 1; •, community 2;
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Results
Plant Communities
A total of 145 taxa were identified within the 62 plots. The cluster analysis revealed three groups of plots, interpreted as three different communities. These groups were confirmed by an unconstrained ordination (DCA; Fig. 2 ). The first and second axes represented 12% of the variability. Axis 1 (8% variability) separated community 1 from communities 2 and 3, whereas axis 2 (4% variability) separated communities 2 and 3. The floristic composition of the communities is summarized in Table 3 . Each community was well individualized by a set of characteristic species. Communities are named in reference to a combination of dominant and/or characteristic species (Table 3) : (1) Loudetia simplex -Xerophyta equisetoides; (2) L. simplex -Cryptosepalum maraviense; and (3) Crotalaria cobalticola -Sopubia neptunii (hereafter named communities 1, 2, and 3, respectively). Mean vegetation cover was greater in community 2 (mean ± SD) (84.4 ± 19.7%) than in communities 1 (58 ± 23.9%) and 3 (51.1 ± 21.2%) (Kruskall-Wallis test, H = 20.95, p = 0.000). Mean height of community 3 was significantly lower (47.3 ± 30.2 cm) than in the two other communities (1 : 85 ± 12.7 cm and 2 : 81.1 ± 34.6 cm; Kruskall-Wallis test, H = 12.31, p = 0.002). Community 2 corresponds to a dense, tall steppe. Shortly after the dry season fires, it is characterized by the dense cover of the young leaves and the flowers of C. maraviense (Caesalpiniaceae). This species resists fire, thanks to a well-developed underground rhizome. Community 1 corresponds to a more open steppe savanna. It is very remarkable due to the pseudostems of the dendroïd X. equisetoides. This dendroïd Velloziaceae seems completely dead and desiccated during the dry season, but its leaves become green very rapidly with the return of the rainy season. It is well adapted to the seasonal fires. On rocky soil, X. equisetoides forms its own substrate Table 3 .
by the accumulation of its roots, resulting in dense mats of organic matter, black soil, and rocks. This species is also able to colonize deeper soil in the savanna.
Vegetation-Edaphic Factors Relationships
Percentage of rock was significantly smaller in community 2 (mean ± SD) (7.4 ± 15.6%) than in communities 1 (36.5 ± 30.0%) and 3 (45.0 ± 19.0%) (Kruskall-Wallis test, H = 24.47, p < 0.001). There were differences in mean edaphic variables among the three communities for 14 of the 20 variables tested (Fig. 3) . Due to the number of tests and the intercorrelation of edaphic variable (Table 2) , associated probabilities should be taken with caution. However, general trends appear. Significant differences were found for total and available concentrations of all heavy metals (except for available Co and Pb) with community 3 exhibiting elevated (but also more variable) concentrations compared to communities 1 and 2. Mean pH, Mn, and C concentrations were also elevated in community 3 compared to communities 1 and 2.
Community 2 differed from communities 1 and 3 with greater concentrations of nutrients (Mg and K) and larger concentrations of the bearing phase of Al and Fe.
There was a significant and strong positive correlation between the scores of the 36 plots with soil data on the The plant communities: (1) rocky steppe-savanna with L. simplex and X. equisetoides (10 plots); (2) steppe-savanna with L. simplex and C. maraviense (39 plots); and (3) steppe with C. cobalticola and S. neptunii (13 plots). Frequency class of each species in each community is indicated (I < 20%, 20% ≤ II < 40%, 40% ≤ III < 60%, 60% ≤ IV < 80%, 80% ≤ V ≤ 100%). Only species with a frequency ≥ 20% in at least one of the communities are listed. Squares for plots belonging to community 1, circles for community 2 and crosses for community 3 (see Table 3 for details). This graph represents 16% of the total floristic variability and 41% of the relationship between the floristic data and edaphic variables. Axis 1 and 2 represent 10 and 6% of the floristic variability and 30 and 10% of the correlation between the floristic variability and edaphic variables, respectively. of all plots in communities 1, 2, and 3, respectively. As there was a significant correlation between available and total concentration for each heavy metal (Table 2) , only available concentrations of heavy metals were included in the CCA analysis for clarity of results presentation. However, a CCA analysis including all edaphic variables provided the same information (results not shown). Forward selection of the 16 edaphic variables in the CCA of the 36 plots resulted into nine significant variables (Fig. 4) . The CCA model was significant (Monte Carlo test with 999 permutations) for the first axis (f = 2.943, p = 0.001) and for all axes (f = 1.993, p = 0.001). The selected edaphic variables were correlated to 41% of the variability of the floristic data. The first axis was highly positively correlated to available concentrations of all heavy metals and to Mn concentrations, separating plots from community 3 from those of the two other communities. Communities 1 and 2 were separated along axis 2, which related to Fe, Mg, and C/N ratio.
Species Richness and Conservation Value
Species richness in the individual 1 m 2 plots ranged from 8 to 26 species. It was positively correlated (Spearman correlations) to Mg (r = 0.660, p = 0.000), K (r = 0.579, p = 0.000), Al (r = 0.445, p = 0.007), and Fe (r = 0.449, p = 0.006), and negatively correlated to Cu_available (r = −0.399, p = 0.016) and Co_available (r = −0.427, p = 0.009). Al and Fe concentrations were highly correlated (r = 0.926; p < 0.01). Only Mg and available Co were included in the stepwise regression model (r 2 = 0.560) (partial standard regression coefficient: Mg = 0.627; Co_available = −0.310). Mean species richness per square meter was significantly different among plant communities (Kruskall-Wallis test, p = 0.05), with plots of community 2 (18.9 ± 4.1) exhibiting a significantly higher mean species richness than plots of communities 1 (12.4 ± 4.4) and 3 (8.9 ± 2.6).
Community 1 harbored no species of concern (Table 3) , community 2 included one strict endemic species (Triumfetta welwitchii ), and community 3 was composed of 70% of threatened endemic species (World Conservation Union categories vulnerable [VU] , endangered [EN] , and even critically endangered [CR] ), including four strict endemics and three broad endemics. One critically endangered species, Commelina zigzag, was identified in community 3.
Discussion
Soils naturally enriched in Cu/Co in Katanga host very original steppic savanna communities, including several species of conservation concern. These communities are threatened by mining and their conservation management must be based on a sound understanding of relationships between soil factors and vegetation composition. In this paper, we provide the first comprehensive investigation into factors that significantly affect the diversity of plant communities in the highly threatened and exceptional natural vegetation of copper hills in South DRC. We are aware that the area covered by our study is limited in regard to the geographic distribution of copper hills throughout the region. Additional variability would probably be detected by extending the range of hills considered and/or by considering plant communities typical from rocky cliffs and forest fringe. However, our aim was not to provide a complete overview of plant communities related to copper hills, but to specifically assess the relationships between floristic variation and edaphic conditions in the framework of conservation and restoration of plant diversity in the TFM concession during and after mining. It should be noted that the current restoration framework does not include vegetation of siliceous cellular rocks and the shrubby savanna fringing most outcrops because those plant communities do not directly depend on copper soils. If restoration goals change to include these vegetation communities, further study would be appropriate.
The limited number of plant communities observed in our study contrasted sharply with the large variation of edaphic conditions, particularly heavy metal concentrations (copper and cobalt). This means that the complexity of target plant communities may be encapsulated in pragmatic and realistic conservation and/or restoration programs.
The analysis of relationships between floristic variation and soil parameters produced interesting and unexpected information for ecosystem reconstruction programs. It has generally been considered that heavy metals concentrations, copper, and cobalt are the most important factors driving the composition and diversity of plant communities on copper hills (Duvigneaud & Denaeyer-De Smet 1963; Malaisse et al. 1999 ). However, our results point to the fact that other elements also play a role in this differentiation. Natural copper-cobalt soils seem to differ from other metalliferous soils worldwide, by the fact that they are not depauperate in essential elements (P, Ca, and Mg), which is considered as high selective pressure, for example, on serpentine soils (Proctor & Woodell 1975) .
Obviously, the three identified communities develop on soils that are highly contaminated. The normal soil total Cu concentrations in Katanga are between 20 and 100 mg/kg (Duvigneaud & Denaeyer-De Smet 1963; Faucon et al. 2009 ). In the soil samples from plant community 3, the total Cu concentrations are thus exceptionally elevated (mean ± SD: 36,682 ± 29,237 mg/kg) and elevated to a lesser extent in communities 1 and 2 (mean ± SD: 657 ± 339 mg/kg and 1,225 ± 811 mg/kg, respectively). The variability of heavy metal concentrations observed within the plant communities (CV between 50 and 80%) reflects the potentially large variation occurring at short distance in elements concentrations. These results are similar to other studies on heavy metals distribution in contaminated soils (Babalonas et al. 1997; Bizoux et al. 2004) . Both analytical and short range variabilities are known to be high in contaminated soils due to nugget effects. At local scale, the rock fragments containing the trace-rich minerals are unevenly distributed in soils due to heterogeneity within unweathered rocks as well as differences of intensity of weathering and of migration of particles along the slopes. However, the variation observed in repeatability tests was generally lower than the variability observed between vegetation communities, which should therefore be considered as the results of effective differences of soil properties on the field. Available Cu concentrations are also much more elevated than in normal soils (community 3: mean ± SD: 6,263 ± 2,378 mg/kg, community 1: 205 ± 176 mg/kg, and community 2: 299 ± 352 mg/kg), as well as total Co concentrations (community 1: mean ± SD: 432 ± 337 mg/kg, community 2: 333 ± 396 mg/kg, and community 3: 938 ± 612 mg/kg) and available Co concentrations (community 1: mean ± SD: 28 ± 26 mg/kg, community 2: 13 ± 10 mg/kg, and community 3: 104 ± 100 mg/kg), which are below 1 mg/kg in normal Katangan soils (Faucon 2009) .
As expected from the elevated Co and Cu soil concentrations, characteristic species of community 3 show adaptation to these heavy metals. Bulbostylis pseudoperennis is a copper and cobalt hyper-accumulator, which can accumulate up to 7,783 mg/kg Cu and 1,373 mg/kg Co (Brooks et al. 1987 ). This species is restricted to copper-cobalt outcrops and minepolluted areas. Haumaniastrum robertii is restricted to the north-western part of the Katangan copper belt. This annual species is abundant on the reworked heavy mineralized banks obtained from the excavation of trenches in D. R. Congo. It accumulates copper and cobalt in ranges of 46-2,070 and 98-9,950 mg/kg, respectively (Brooks et al. 1987) . Sopubia neptunii and Crotalaria cobalticola Duvign. are cobalt hyperaccumulators. Crotalaria cobalticola grows endemically in the Katanga province and is reported to accumulate cobalt in its shoots in concentrations as elevated as 3,000 mg Co/kg dry matter (Brookes et al. 1981) . Ascolepis metallorum is able to resist very large concentrations of copper (up to 100,000 mg/kg) and to hyper-accumulate copper (Brooks et al. 1987) ). In contrast, characteristic species from communities 1 and 2, although able to resist moderately elevated Co and Cu concentrations, are also found on normal soils (Leteinturier 2002) . Mg and Fe were the two environmental factors distinguishing these two communities, as well as the percentage of rocks in the soil. These results point to the fact that for ecosystem reconstruction, not only the levels of copper and cobalt concentrations in the substrate are important, but that attention should also be paid to other edaphic factors.
The lowest species diversity in community 3 may easily be explained by the limited number of species in the regional species pool that are able to survive the exceptionally elevated Co and Cu soil concentrations observed in the soils. In community 1, the low diversity might be explained by insufficient concentrations of nutrient (K and Mg) and Al and Fe in the soil. Al and Fe represent important bearing phases of the heavy metals in soils (oxides and silicates) that might reduce the toxicity of heavy metals for the plants.
Two of the three communities have proven to be of high conservation value considering the number of species of concern that they harbor. Community 2 harbors one strict endemic species Triumfetta welwitchii, which should be the target of restoration programs. Although it has the lowest species diversity, community 3 is of critical importance for plant diversity conservation. It harbors seven threatened endemic species, with one critically endangered species. The physiology of its characteristic species is strongly original and they represent a pool of potential genetic resources of Co and Cu accumulating plants.
Post-mining restoration of copper-cobalt outcrops will therefore face two huge challenges: the reconstruction and conservation of particular plant communities, as well as the safeguard of threatened endemic species.
Implications for Practice
• The small number of plant communities that are present in copper hills indicate that the task of ecosystem reconstruction might be feasible.
• In copper hills, plant species identity can be used to predict soil conditions during pre-mining.
• During post-mining restoration of copper hills, metal tolerant species could further be used to indicate restoration success, as compared to reference communities.
• To restore the diversity of these natural plant communities, ecosystem reconstruction should mimic the range of pre-mining substrates that focus on heavy metal concentrations (Cu and Co), but include nutrient status and percentage of rocks.
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